Summary. The spatial and temporal variations of seismic activity before large earthquakes, including precursory swarm earthquakes, clustering, pre-seismic quiescence in the epicentral area, doughnut patterns and foreshocks, are numerically modelled by quasi-static and dynamical rupture processes on three-dimensional heterogeneous faults with various types of non-uniform strength distributions. The main physical parameters that could yield these precursory changes of seismicity patterns are the form of distributions of static and sliding frictional strengths and their spatial variations over the fault, and also the rate of increase of tectonic stress.
56 1 although actual seismic activity observed before major earthquakes is often more complicated, and their detailed features appear significantly different from place to place and from event to event. Actually, some large earthquakes are preceded by none or only part of the above described change of seismicity patterns. Besides these variations of seismicity, precursory slow fault slips have been recorded prior to some earthquakes (e.g. Kanamori & Cipar 1974; Sacks et al. 1978; Fujii 1978) . Although these premonitory slips are not always observed in major earthquakes, they might have some relation to a burst of foreshock activity (Jones & Molnar 1979) .
We have the standpoint that all these observations may be direct manifestations of the state of space-and time-dependent stress, with respect to the strength of rock materials, along and around the fault zone of these major earthquakes. The final goal of our studies is to postulate a possible physical model to account for the conditions under which the above precursory phenomena could arise. As a first step for the studies, we calculate, in this paper, numerical solutions for quasi-static and dynamical rupture process on heterogeneous faults over a long time range, taking into account some results from laboratory friction experiments on rock materials. Our attention will be focused here on how these heterogeneous distributions of frictional strengths, particularly of fault asperities, will affect the space and time characteristics of precursory phenomena before large earthquakes.
Model
We have shown in a previous paper (Mikumo & Miyatake 1979) , on the basis of a threedimensional, dynamic fault model (Mikumo & Miyatake 1978) , that heterogeneous faults with non-uniform distribution of frictional strengths and relaxation times, which are subjected to time-dependent shear stress, could account for the space and time characteristics of earthquake sequences including a main shock, aftershocks and the recurrence of major shocks in a long time range. These heterogeneous faults were introduced to include portions with strong and weak strengths, which are represented by the bi-modal Weibull distributions and with various scale lengths, indicating different degrees of contact of fault surfaces, such as asperities, fault geometries and inhomogeneous pore pressures etc. It has been shown (Mikumo & Miyatake 1978 ) that these heterogeneous models could also well explain the initiation, spreading and stopping of dynamic ruptures, incoherent rupture propagation, nonuniform fault displacements and radiation of high-frequency seismic waves. The numerical experiments by Mikumo & Miyatake (1979) have clearly indicated the following spatial and temporal features: major shocks may take place successively in adjacent regions on the fault so as to fill the space gaps, and sometimes with slow-speed migrations, and the recurrence of large earthquakes is often preceded by a complete time gap or very low activity with a small number of foreshocks. Kanamori (1981) proposed a simple asperity model to explain the natures of various seismicity patterns. Although this is a two-dimensional, static model with high strength asperities, he was also able to explain, to some extent, temporal variations of seismicity with swarms and quiescence. Jones & Molnar (1979) also assumed an inhomogeneous fault plane on which asperities fail by static fatigue, and showed that the calculated temporal behaviour of accelerating premonitory slip agrees with the observed time dependence of foreshocks. For precursory fault slips, Yamashita (1980) and Mikumo (1981) suggested independently that the cohesive properties of fault asperities, heterogeneous strength distribution, and a low stress level with respect to the average strength, could play a dominant role. A recent work of Das & Scholz (1981) suggested that all phases of seismic phenomena including nucleation, precursory slow slips, foreshocks, multiple shocks, delayed multiple events, aftershocks, post-seismic slips etc., can be explained by the 562 extension o f shear crack and stress corrosion cracking. The results from these investigations are carefully examined in constructing our model.
The models we consider here are essentially based o n a complete three-dimensional fault model (Miyatake 1980) in an infinite medium, but the present numerical calculations are made mainly on the quasi-three-dimensional fault as dealt with in the previous papers (Mikumo & Miyatake 1978 . The latter is an approximation t o the above complete model, in the sense that the medium is bounded by a fixed boundary not very far from the fault plane, and hence that the absolute slip displacements in dynamic solutions are somewhat smaller than those expected from the complete calculations. However, this effect is not a serious problem in numerical simulations of seismic sequences, and hence the approximate model is again used for its shorter computation time.
In the present calculations, the external shear stress is applied parallel to the fault plane, and is assumed to be uniform at the hitial stage and to increase linearly with time due to the increase in tectonic loading. The entire fault plane is divided into a number of small fault segments with a unit dimension. We assume, as in the previous papers, that static and sliding frictional strengths are non-uniformly distributed on every fault segment. These nonuniformities will be simulated in various ways as described later.
The stress and displacement coniponents at any point on the fault satisfy the equations of motion, and hence the dynamic motions of all fault segments due to the change of stress is specified by these relations under appropriate boundary conditions and a fracture criterion. All displacements at the extreme edges of the fault are fixed t o be zero. This boundary condition is imposed here due to computational requirements for a finite area of the fault plane, and also seems natural in view of the existence of some geological boundaries around an actual fault. The fracture criterion we adopted here is again a finite stress criterion as in the previous papers, since this has been shown (Das & Aki 1977) to be a good approximation to the criterion based on the critical stress intensity factor; once the applied shear stress exceeds static frictional strength at any fault segment, fault slip immediately occurs there, and is resisted by the sliding frictional strength. Thereupon, dynamical rupture is developed spontaneously, propagating u p to the size specified by the distribution o f shear stress and static strength. All these niotions during the rupture propagation can be solved numerically as a dynamic problem by a finite difference scheme (Mikumo & Miyatake 1978) .
After the dynamical motion is completed, the initial stress on each of the fault segments drops to the level of sliding frictional strength there. In some cases for the present models, we consider a time-dependent stress recovery due t o viscoelastic properties of fault gouge materials, which are assumed to be a linear standard solid, in addition to the tectonic stress increase. The temporal behaviour of the stress recovery has been given in a previous paper (Mikumo &L Miyatake 1979) . On the other hand, the static frictional strength o n the slipped segments is also assumed in these cases t o drop after the rupture, and to recover with time in a logarithmic form due to creep at points o f contact in re-locked portions. These behaviours have been suggested by laboratory friction experiments of rocks ( e g Dieterich 1972) . The above time-dependent recovery of shear stress and frictional strength may be a possible mechanism, but it would be possible t o consider other types of mechanism such as time-delayed stress corrosion or weakening o f the fracture strength.
The main physical parameters assutned in the present models are: (1) the rate of increase of tectonic shear stress, (2) the form o f distributions of static and sliding frictional strengths and their spatial variations on the fault, (3) the rates of weakening and recovery o f the fault strength, and (4) the relaxation time and relaxed elastic tnodulus of fault materials. The first two parameters may be of prime importance to the spatial and temporal variations of seismic sequences. The last two parameters will have appreciable effects on short-term post-seismic Seismicity patterns bejore major earthquakes 563 situations including aftershocks but may be omitted in most simplified simulations for a long time range.
For the spatial distribution of the frictional strengths on a real fault, we have actually no information from observations at this moment. However, there is some experimental evidence for the form of distribution from laboratory experiments for rock material; the tensile strength indicates a Weibull-type distribution for granite (e.g. Yamaguchi & Nishimatsu 1967) . We feel that the shear strength of intact rocks has a similar type of distribution, but it may be more natural for fault materials to have bi-modal or more complex strength distributions rather than represented by a single Weibull type. This is because the fault plane should have different degrees of contact; that is, tightly locked portions will have a high degree of contact due to indentation and ploughing asperities (Scholz & Engelder 1976) ; however, the existence of fluid pore pressures will weaken the contact, and crushed fault gouge materialsfwill have a loose contact. Thus, there may be portions with strong and weak frictional strengths, although in this case the distribution is not always bi-modal but could Seismicity patterns before major earthquakes 565 be multi-modal. Mizutani (1981, private communication) and Spetzler, Mizutani & Rummel (1982) suggested, on the basis of laboratory experiments, that the fracture strength of rock materials could become bi-modal under increasing stress; this may be due to the formation of two different asperity sizes and of different strengths along two different symmetry axes of crystals, since the size of some asperities decreases and the initial orientation of some cracks tends to be aligned with the axis of maximum compressive stress, in response to the growth of microcracks as the stress increases. For the distribution of asperities, on the other hand, Utsu (1980) showed that there are three major types in existing asperity models so far proposed, w h c h include: (1) many small-size asperities, (2) one or a few large-size asperities and (3) a mixture of small to large-size asperities, as schematically shown in Fig. 2 . Taking all these situations into consideration, we assume the following types of distributions of the strength over the fault plane. These are:
(1) weakly to moderately non-uniform distributions, represented by a single modal, Gaussian type with different variances (models A1 , A2, A3 and A4);
(2) moderately to heavily non-uniform distributions, including a number of small-size asperities with medium to high strengths, represented by a bi-modal Weibull type (models B1, B2, B3; D1, D2, D3 and D4); (3) heavily non-uniform distributions including one or a few large-size asperities with medium to high average strengths, represented by a multi-modal Weibull type (modes C1, C2, C3, S1, S2 and S3); us (min), minimum static strength; us (max), maximum static strength; us (avw), average static strengthon weaker fault segments; us (avs), average static strength on stronger fault segments or asperities; Ud (min), minimum sliding frictional strength; Ud (max), maximum sliding frictional strength (the unit of strengths is given in bars). c d , weakening rate of static strength; &us, logarithmic recovery rate given by bars/one order of magnitude time interval; a, relaxed elastic modulus; 7, relaxation time; ( l ) , L X W = 40 X 40 km 
T. Mikumo and T. Miyatake
(4) complex distributions including a specific shape barrier region with extremely high strengths, together with non-uniform strengths in the rest of the fault (models L1 and L2).
The forms of the above distributions are shown in Fig. 3(a, b) , and all the parameters specifying these distributions and other parameters are listed in Table 1 . These are only representative models, for each of which we have worked out more than five to ten cases with systematically varying these parameters.
Model parameters in numerical calculations
In the present calculations, the fault dimension (L x W ) is taken as 30 x 15 km in the complete three-dimensional model, and 40 x 40 km or 30 x 15 km in the approximate model, respectively. The total fault segments in these cases amount to 450 and 1600 respectively, the unit segment being taken as 1 x 1 kni. The static frictional strength us ranges between 200 and 1200 bar in the various distributions described above, including extremely high strength asperities in several cases. Sliding frictional strength od is taken in most cases to be proportional to the static strength on each of the fault segments as in od/os = 0.75 (Byerlee 1978) , with a lowest value of 150 bar, and in several other cases it is assumed to be constant at 100 bar. The rate of weakening Cd of the static strength is assumed to be 0.88 and 1.0 (no weakening), and its logarithmic rate 6as is taken as 0.0 (constant), 3.0 or 6.0 bar/time increment in one order of magnitude. Also assumed is the coefficient of the relaxed elastic modulus CY to be two cases of 0.7 and 1 .O. The relaxation time T is taken to be constant here as 1 .555 x lo7 s (half a year) or infinity, since we deal in this case with temporal variations of seismic activity over a very long time interval. A limiting case with Cd = 1.0, 6os=0.0, CY = 1 .O and 7 = 00 corresponds to the simplest case when the weakening and recovery of frictional strengths and the viscoelastic recovery of shear stress are not taken into account. For about half of the cases studied here, we use this simplest assumption. The initial shear stress due t o tectonic loading is taken as 200 bar, and the rate of its increase is tentatively taken as 10-15 bar/3.15 x lo7 s for computational convenience. The above rate may be one order of magnitude greater than its actual value from secular strain observations, but can be reduced t o a reasonable rate if we take a longer time step than tentatively given below. The time step tentatively taken in the present calculations is C a s e A I 568 90-100 day, and can be scaled by the rate of increase of the tectonic stress. This means that if the rate of stress increase is taken as 1/10 of the above value, then the calculated results will be for a time step 10 times longer. The time increment for dynamic solutions is taken as 0.05 or 0.10 s. Other parameters not explicitly described here are taken as the same as in the previous papers. In this section, several representative patterns are presented for the spatial and temporal variations of seismicity derived from numerical simulations on the present fault models. The characteristic features of the models selected here are summarized in Table 2 . Also tabulated here are the reference numbers for the following discussion and the types of the observed temporal sequences that will be compared in Section 5 with the present results. Two different types of space-time plots are shown in this section to give the calculated results; one is two-dimensional patterns on the fault plane arranged in the order of discrete time steps (Fig. 4a-e) , and the other is presented in a form of one-dimensional space (x)-time ( t ) diagrams (Fig. 5a, b) . The latter presentation is used for the cases with a large number of time steps, which are not adequately given in the former way. The temporal variations of these simulated seismicity patterns are shown in Fig. 6(a-c) . 
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These models have weakly to strongly non-uniform strength distributions, which are represented by normal random Gaussian types with small to large variances. For model A1 (Fig.  4a) with relatively homogeneous properties, only a few small shocks take place as the tectonic stress increases, and a large event suddenly occurs rupturing the entire fault plane without any precursory swarms or foreshocks after a long period of complete quiescence.
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After the main rupture there is again a long temporal gap, and a similar large event follows in the same way as above. Their recurrence times, which are slightly different, appear to be controlled simply by the rate of increase of the tectonic stress. In model A2 (Fig. 4b) with moderately heterogeneous properties, a large number of minor shocks take place successively at early stages, which may be regarded as a sort of foreshocks. A major shock occurs at 2070 day without pre-seismic quiescence, and another one follows at 2160 day within a I: Mikuma and I: Mzyatake short time interval in the adjacent region. The recurrence of successive major shocks occurs at 3060 and 3330 day with a little longer time interval. These sequences appear to be strongly affected by the spatial variations of strengths. In model A4 (Fig. 5a ), the strength distribution is assumed to be widely spread over 200-1180 bar. In spite of its strongly heterogeneous properties, this model yields a rather simple temporal sequence, which exhibits a gradually increasing number of small shocks over a long period prior to a main event. This may be because it takes time to break widely spread strong heterogeneities, which would not allow the expansion of dynamic ruptures, generating only small shocks. A main event occurs at time step 91 covering the entire fault. There are, however, no precursory swarms o r quiescence. These results indicate that as fault heterogeneities increase, small t o moderate-size shocks tend to occur prior t o a large event.
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B I -M O D A L M O D E L S
The models include a large number of asperities over a moderately non-uniform background strength distribution, which is represented by a bi-modal Weibull type. For model Bl ( Fig.  4c ) with small-size asperities with medium strengths, small-scale weak portions are successively ruptured as minor shocks, and their activity becomes high during the period 1080-1800 day, which might be regarded as swarms extending over some time.
A complete quiescence appears during the period between 1980 and 2520 day, and a large rupture follows with small foreshock activity. Some time after the main event, moderate-size shocks follow for some period, and there is a recurrence of large events at 3780 and 4050 day with somewhat different features. Model B3, which includes higher strength asperities, indicates somewhat different spatial patterns, although not shown here, but a similar temporal sequence to model B1. In model D4 (Fig. 5a ) with moderate-size asperities with high strengths, there are two different series of activity; the edrlier one is successive ruptures of weaker segments and the latter is those of stronger portions, which leads to a main rupture covering the greater part of the entire fault. The former activity might be regarded as precursory swarms followed by a rather long period of low activity and quiescence, and the major event is preceded by foreshock activity. The above results indicate that the temporal behaviour appears essentially similar in these models, and that the period of quiescence depends mainly o n the difference in the average strength between weaker segments and asperities.
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M U L T I -M O D A L M O D E L S
These models assume multi-modal Weibull type strength distributions, which include a largesize elliptical-shaped asperity (30 x 20 km) in the central part of the fault plane. A major difference between model C3 (Fig. 4d ) and model S1 (Fig. 4e) is the average strength of the asperity region and the distribution density of weaker and stronger segments. In spite of these differences, similar spatial and temporal features are noticed u p to some stages. At an early stage, small shocks take place by minor ruptures of weaker segments in the surrounding region, while the central asperity Fegion remains quiet. This state is followed by a long period of complete quiescence for some time all over the fault. After this time, a number of minor shocks tend t o occur in a part of the central asperity, indicating some clustering during a period, whereas the peripheral region becomes less active. This clearly shows a doughnut pattern of seismicity. Seismic activity with moderate-size shocks again moves towards the surrounding region, leaving the central region almost quiet. These patterns alternately appear in model C3. In model S1, a large event occurs at 2160 day covering a greater part of the central asperity region and a part of its surroundings. Activity after the major event becomes high in the surrounding region and large-scale shocks take place there a t 3510 and 3600 day with a short time interval. Although the time series in the two models are quite similar to each other, pre-seismic swarms and quiescence are less evident in model S1.
M O D E L S W I T H A B E L T -L I K E B A R R I E R R E G I O N
These models include a belt-like barrier region with high strengths in the central part of the fault, dividing the fault plane into two sections. The distribution density of asperities with medium strengths in the two sections is assumed t o be equal at 20 per cent in model L1 (Fig. 5b ), while it is appreciably different, 10 per cent in region A and 50 per cent in region C in model L2 (Fig. Sb) . In model L1, foreshock activity starts to occur, except in the barrier region, and then large events take place on the two divided sections at slightly different time steps. It can be seen that a main event rupturing the central barrier region and covering the entire fault occurs after a long period of low activity, but there is no precursory swarm or foreshock activity preceding the main rupture. A long period o f complete quiescence follows the main event. As time goes o n , the recurrence of these sequences appears over a long time range. In model L2, on the other hand, moderate to large-scale events take place repeatedly in region A with some foreshock activity, but only minor to moderate-size shocks successively occur without any regularitics in region C. The central barrier region remains quiet for a long time, and is broken at some time later whcn a large event recurs in region 4, possibly due to high stress concentration towards the barrier. The above results indicate that the distribution density of asperities in the two divided sections has remarkable effects on the seismicity patterns there.
A C O M P L E T E 3 -D M O D E L
We investigate here the space and time variations of seismic sequences on the basis of a more complete three-dimensional fault model (Miyatake 1980) , to test the validity of the fore-Seismicity patterns before major earthquakes 577 going results from the quasi-three-dimensional model. In model S3 (Fig. Sa) , we assume the existence of a large-scale square-shaped barrier region in the central part of the fault plane, with small-size asperities with high strengths in the rest of the fault. The form of strength distribution is multi-modal. The space-time pattern clearly shows that seismicity with minor to moderate-size shocks becomes active in the surrounding region for a long duration up to time step 30, while the central barrier region remains in complete quiescence, indicating a typical doughnut pattern of Seismicity. As time goes on to step 40, foreshock activity starts in a part of the barrier region, whereas the surrounding region becomes quiet. A large rupture occurs at time step 44, covering the central region. After the main event, the entire fault tends to be quiet and minor shocks start to take place again in the surrounding region. These features are essentially similar to those for models C3 and S1. The time sequence of these events clearly shows a typical pattern including precursory swarms. quiescence and foreshocks prior to a main event.
C O M P A R I S O N W I T H E X P E R I M E N T A L S T U D I E S
The above numerical results are compared here with some laboratory experimental studies. Mogi (1963a,b) has shown that the fracture of some model materials under a gradually increasing stress yields three typical patterns for a sequence of elastic shocks, depending on the degree of heterogeneities of applied stress and the structure of materials. The results indicate that; if the material is homogeneous and the stress is uniformly applied, a main shock occurs without any preceding shocks; this result is consistent with that for our single modal model A1 with a small variance; when the material has moderately heterogeneous structure and the stress is non-uniformly applied, small shocks gradually increase prior to a main event; this feature seems consistent with that for the single modal model A4 with a large variance; when the material is extremely heterogeneous and/or the applied stress is concentrated to a considerable extent, elastic shocks take place in a swarm without principal shock; there are no corresponding numerical simulations t o be compared, but this state would be realized if the fault strengths are almost uniformly distributed in a specific range. Thus, a part of the numerical results obtained here seem qualitatively consistent with the laboratory studies, although the conditions are quite different; the experiments were made for solid materials under a compressive stress, while our numerical simulations are for the fault surface subjected to shear stresses. 
Discussion
Now we discuss here various observations on the spatial and temporal variations of seismicity prior to major earthquakes, in comparison with the foregoing results from numerical simulations on heterogeneous fault models.
The temporal behaviours of the seismicity pat terns observed before large earthquakes are summarized in a comprehensive review by Kanamori (1981) . Here, we classify the observations into the following categories, as given in Table 3 , although this classification is only tentative for easy comparison with the numerically simulated results. Case I corresponds to the typical patterns proposed by Evison (1977b) , and case I1 has similar but slightly different patterns of seismicity as suggested by Katsumata & Yoshida (1980) . A major difference between cases I and I1 lies in whether precursory swarms occur or not before a period of quiescence. These two representative cases are schematically illustrated in Fig. 7 .
The difference between cases I and I' and between cases I1 and 11' is whether foreshock activity precedes a main shock or not after the period of quiescence. Case 111 includes precursory swarms but no distinct quiescence or foreshocks, and case IV corresponds to the case when only increasing seismicity has been observed over a long period before a main shock. In case V, which is rather unusual, no indications have been observed prior to a large earthquake. In the following discussion, a magnitude threshold and a time-scale would be needed for the observations, in comparing them with the numerical results. A simple estimate from the numerical calculations with appropriate fault dimension and slip displacements shows that it may be adequate to take a magnitude range between 4.0 and 7.5 and a maximum time interval of about 25 yr. However, these values can be scaled in numerical simulations to accommodate the observations with larger or smaller ranges.
It has sometimes been experienced as in case V that a large earthquake appears to have taken place suddenly in a quiet zone without any precursory indications anywhere around the rupture zone, although this might be due to poor coverage of observed data in some cases. The Sitka, Alaska earthquake of 1972 seems to be one of these examples with no precursory changes of seismicity (Kelleher & Savino 1975) . The sudden occurrence of this type of large earthquake may be simulated by model A l , which does not yield any significant precursory signals. This comparison suggests that this type of earthquake takes place in a fault zone with relatively homogeneous strengths, and also that there could be a recurrence in a future in the same way as above. If this is the case, it would be extremely difficult to make predictions for these earthquakes from the variations of seismicity patterns. Case IV may be applied to large interplate earthquakes in the Alaska-Aleutian regions. The 1958 and 1964 Alaska, 1965 Rat Island and 1957 Fox Island earthquakes were preceded by gradually increasing seismic activity over many years before the main shocks (Kelleher & Savino 1975) . The 1923 Kwanto earthquake in Japan appears to belong to this group (Sekiya 1977) . The pre-seismic activity might be regarded as a sort of foreshocks but is not accompanied by distinct swarms and quiescence. The temporal behaviour of these sequences appears to be simulated by model A4. This might suggest that the fault zone in these regions could be extremely heterogeneous on a small scale but would not include large-size asperities.
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There are several earthquakes as in case 111 that included only precursory swarms or high activity some time before the main shock but did not indicate any other phenomena. Several intraplate earthquakes in Japan and New Zealand, such as the 1948 Fukui and 1968 Inangahua earthquakes appear to belong to this group (Sekiya 1977; Evison 1977b) . However, these types might be regarded as slight modifications from cases I or If, if we could think that a small number of shocks occurred in a period of quiescence in case I' or that foreshock activity in case I was not concentrated just before the main shock but spread over the period of quiescence. If this is true, this type of earthquake might be accounted for by some version of the numerical simulations appropriate to cases I or 1'. Except for the above three unusual types of seismic sequences, many of the other earthquakes may be classified into cases I and I1 or their modifications, cases I' and 11'.
It is evident in Kanamori's (1981) review that several intraplate earthquakes such as the 1965 Borrego Mountain, 1979 Imperial Valley, 1952 Kern County and 1971 San Fernando earthquakes, and two large interplate earthquakes of 1963 and 1969 in the Kuriles have the typical features of case I, which consists of precursory swarms, quiescence, foreshocks and a main event, while some other intraplate earthquakes including the 1969 Gifu and 1974 Off-Izu earthquakes in Japan and several New Zealand earthquakes, and also a few interplate earthquakes such as the 1971 Kamchatka and 1968 Off-Tokachi earthquakes, appear to correspond to case I' because of lack of foreshock activity. A close comparison indicates that the temporal sequences of these earthquakes may be well explained by numerical simulations on models B1, B3 and D4. The results would suggest that the fault zone of these earthquakes could have moderately to heavily heterogeneous properties with a number of high-strength asperities, if our present models are correct. The difference between cases I and I' may result from the degree of concentration of higher strengths in these models; that is, if high strengths are spread over a somewhat wide range as in model D4, foreshock activity would continue for some period, but otherwise there could be no foreshocks prior to the main event. Precursory clustering of seismicity around the zone of an impending main earthquake could also be explained by a concentration of asperities with medium strengths there.
The other typical type of seismic sequence is case I1 or 11'. A few intraplate earthquakes such as the 1964 Niigata and 1966 Parkfield earthquakes, and several large interplate earthquakes including the 1960 Chilean, 1965 , 1968 and 1978 Oaxaca, 1976 central Aleutian, 1952 Kamchatka, 1973 Kurile, 1952 Off-Tokachi, 1973 Off-Nemuro and 1938 OffFukushima earthquakes, seem to be classified as case I1 in which no clear precursory swarms or high activity have been observed before a period of quiescence ; intraplate earthquakes such as the 1975 Hawaii and 1978 Shimane earthquakes, and several interplate earthquakes including the 1933 Sanriku, 1944 Tonankai, 1946 Nankaido, 1973 Kamchatka, and 1966 Peruvian earthquakes appear to belong to case 11' which lack both swarms and foreshocks (Kanamori 1981) . It seems likely that the temporal behaviour of these two cases can be simulated with some modifications of model B1 or other bi-modal models. If the strengths of weaker fault segments in model B1 or D4 are more widely distributed, seismic 5 80 activity would not appear as a form of precursory swarms but would reduce to normal seismicity over a long period before quiescence as in case IT. Foreshock activity also would not occur, a s in case II', if the strengths o f asperities are constant.
It has been reported (eg. Mogi 1969; Yamashina & lnouye 1979 ) that some of the earthquakes belonging to cases 11 or 11' and a few belonging to case I were preceded by doughnut patterns of seismicity on local or regional scale. It appears that these observations on local scales might be accounted for by some multi-modal models such as models C3, S1 and S3, which have a large-scale asperity region with medium to high strengths. These models yield complicated space and time patterns of seismicity, composed of a long quiet period, swarms, quiescence and high activity in the central region, and high activity, quiescence and an active period followed by lesser activity in the surrounding regions. These alternate patterns in the two regions could provide a possible explanation to this type of observed seismic sequences such as described by Ishida & Kanamori (1978 for two California earthquakes. There are some questions, however, whether regional-scale doughnut patterns over a wide area, such as described by Mogi (1 969), could be accounted for by the present model.
It is well known that great interplate earthquakes in several subduction zones tend t o occupy a large rupture zone extending for a few hundred kilometres along a plate boundary. It has also been shown that extremely large earthquakes ruptured at some other time, the entire source region covering the above zones. The successive occurrence in two adjacent 1946 Nankaido earthquakes and the 1854 Ansei I and I1 earthquakes (Ando 1975; Utsu 1977) , the case o f the 1957 central Aleutian and 1965 Rat Island earthquakes (Sykes 1971; Sykes et al. 1980) , and the case of the Solomon Island earthquakes (Lay & Kanamori 1981 ).
It has also been shown that extremely large earthquakes ruptured a t some other time, the entire source region covering the above zones. The successive occurrences in two adjacent regions within a short time interval may be explained by rapid stress concentration around the boundary o f the two regions due to the rupture o f the first earthquake. It appears that this phenomenon might be simulated to some extent b y models A2 and B1, but the recurrence of the large earthquakes rupturing the entire plate boundary, together with the delayed multiple events, may be more adequately modelled by model L1 with a barrier region between the two source areas. However, the lag in their occurrence times needs t o be more carefully investigated. The above phenomena have also been explained in other ways: b y the extension of subcritical crack growth (Das & Scholz 1981) , by different distribution o f asperities and their interactions (Lay & Kanamori 1981) and with different average strengths in two regions (Miyatake 1982) .
Premonitory slow fault slips at depths are another type ofprecursory seismic phenomenon observed before some large earthquakes. It has been shown by laboratory experiments (e.g. Dieterich 1979 ) that heterogeneous properties of fault surface are responsible for the precursory slips, and also suggested from numerical experiments ( e g Mikumo 1981) that strongly cohesive properties of fault asperities as well as heavily non-uniform strength distribution could generate slow fault slips under a low level of applied shear stress. These precursory fault slips could sometimes trigger normal shocks, and sometimes could be triggered due t o stress concentration by normal shocks in adjacent fault segments, even if a part or some localized portions o f the fault have the above properties. If this is the case, it seems possible that normal shocks and slow slips could take place together or independently in a sequence of seismic activity over a fault zone.
Finally, we briefly mention substantial properties of asperities. We have the standpoint that fault asperities are manifestations of the portions with high degree of contact, such as b y indentation and ploughing (Scholz & Engelder 1976) between two sides of the fault surface, that is, tightly coupled strong portions, and hence should have high frictional T. Mikumo and Katsumata & Yoshida (1980) and Lay & Kanamori (1981) argued that mechanical coupling conditions between the subducting oceanic lithosphere and the overriding continental plate would play an important role in seismic activity in an eventual epicentral region; a strongly coupled state, if it results from a large area o f contact and high frictional strength, would correspond t o a large-size asperity. The stress state on the contact zone will be more or less uniform, and hence yield a seismic gap, although the mechanism of its temporal variations is not necessarily clear. Besides the coupling conditions, geometrical configurations such as irregular shape, local bending o r discontinuities of the fault may be regarded as apparent asperities or barriers with high strengths. The existence of a barrier region has been actually characterized by the extent of surface faulting, the stopping of rupture propagation, and the spatial distribution of aftershocks (Aki 1979) . More extensive seismic and other geophysical observations would be needed t o clarify the heterogeneous properties o f fault zones of impending large earthquakes, in order t o use this information for earthquake prediction purposes.
It has thus been demonstrated that the existence of fault asperities or barriers, which are represented here by various types of heterogeneous distributions of strengths over a fault plane, could well explain the long-term spatial and temporal variations o f seismic activity and slow fault slips before major earthquakes. It is t o be emphasized, however, that actual observations should have a greater variety than discussed here. Careful investigations into much more observed data are needed before more generalizations can be made.
Conclusions
We have investigated a possible physical model t o explain the observed spatial and temporal variations o f seismic activity prior t o large earthquakes. The model we have worked out here is for three-dimensional heterogeneous faults with various types of non-uniform frictional strength distributions, and subjected t o a time-dependent shear stress. The physical parameters that play a dominant role on quasi-static and dynamic rupture processes in this model are the form of distributions of static and sliding frictional strengths and their spatial variations on the fault, and the rate o f increase o f the tectonic stress. The main conclusions we have obtained from the present numerical modelling are :
(1) One of the typical seismic sequences observed before major earthquakes, composed of precursory swarms, quiescence, foreshocks and a main shock event, could appear on extremely heterogeneous faults including a number o f small-t o moderate-size asperities with medium to high strengths, which are represented by a widely separated bi-modal strength distribution.
(2) Some versions o f the above typical patterns have been observed, which sometimes lack precursory swarms or foreshock activity or both. These cases may be explained by slightly different distributions of the strengths. The time interval between these precursory events seems t o depend mainly on the mode of distribution of strengths, and partly on their spatial variations.
(3) A large-scale main event rupturing the entire fault region could occur without any precursory changes of seismicity patterns, if the fault strengths are relatively homogeneous. Gradually increasing foreshock activity could also take place, without precursory swarms and quiescence, over a long period before a main shock event, if the fault has moderately t o heavily non-uniform strengths on a small scale.
(4) A doughnut pattern of seismicity could appear on heterogeneous faults which include a large-size asperity with medium to higher average strengths in its central region. In this 582 case, high activity or clustering and a long period of quiescence appear alternately in the surrounding and central regions.
(5) Two large shocks could take place successively within a short time interval in adjacent unruptured regions at one time,and a main large event rupturing the entire fault region could occur at another time. This could be the case if the fault has a barrier region with high strengths, dividing the entire fault into two sections where small-size asperities are almost equally distributed.
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